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Neutrinos in cosmology
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The Cosmic Neutrino Background (CvB)

* Neutrino decoupling around T =1 MeV, shortly before
eT + e~ = ~+ ~ goes out of equilibrium

e Annihilation heats CMB relative to CvB
TCI/B ~ TCMB(4/11)1/3 ~ 1.95 K

* Neutrino mixing equilibrates momentum distributions

* If T epeating > 10 MeV, all three flavours populated

n, ~6 %56 cm™ >



Impact of cosmological neutrinos
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Neutrino parameters

How much energy density do neutrinos contribute...

... at early times?

photon Fermi-Dirac vs. lower neutrino
energy density Bose-Einstein temperature
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radiation Effective number of
energy density neutrino species

ACDM: N, = 3.046

(small deviation from
Fermi-Dirac)



Neutrino parameters

How much energy density do neutrinos contribute...

... at early times?

photon
energy density

N\

Pr = P~
radiation

energy density

Fermi-Dirac vs.

1

Bose-Einstein

Y
+ Neff =

\8

Effective number of

(

lower neutrino
temperature

K

4

11

neutrino species

)4/3

ACDM: N, = 3.046

Fermi-Dirac)

(small deviation from

... at late times?

neutrino
energy density

! > m
O, h?% ~ 2
93 eV

Sum of
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ACDM: 2m = 0.06 eV

(assumes lightest mass
state is massless)



Impact of cosmological neutrinos
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Free streaming

Velocity dispersion large wrt size of potential well
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Matter power spectrum with
Massive Neutrinos (at low redshifts)
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Planck constraints on neutrinos
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The Planck mission (2009-2013)

Table 2. Planck performance parameters determined from flight data.

ScANNING BEAM® Noise!
SENSITIVITY
Veenter” FWHM Ellipticity
CHANNEL Naetectors [GHz] [arcm] [ uKgss'?][ uKems s'/%]

30GHz ........ 4 28.4 33.16 1.37 145.4 148.5

44GHz ........ 6 44.1 28.09 1.25 164.8 173.2

70GHz ........ 12 70.4 13.08 1.27 133.9 151.9
100GHz ........ 8 100 9.59 1.21 31.52 41.3
143GHz ........ 11 143 7.18 1.04 10.38 17.4
217GHz ........ 12 217 4.87 1.22 7.45 23.8
353GHz ........ 12 353 4.7 1.2 5.52 78.8
545GHz ........ 3 545 4.73 1.18 2.66 0.02594

87GHz ........ 4 857 4.51 1.38 1.33 0.0259¢




Planck sky maps

70 GHz
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Component separation and CMB map

= As Agy
—
5 K @ 408 MHz 500 1000
Ad Agy/100
) —_— —_—)
001 mKgy @ 30 GHz 10 0.001 mK @ 545 GHz 10 0 pK®©100-dsl 100
Aco10 Aco21 Acos2

0 Kkm/s 100 0 Kkm/s 100

—-300 -—200 -—-100 0 100 200 300
ﬂKcmb



Dy " [uK?]

ADI®

CMB angular power spectra
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CMB TT angular power spectrum
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CMB TT angular power spectrum
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CMB TT angular power spectrum
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CMB TT angular power spectrum

Gooot] T lllllll T ? T T 1 T I T T T T [ T T T T
1

O

acoustigpeak
height

4000 |-

D" [uK?]

3000 |
2000 |

1000 |

ok

acoustic peak ratio

600 |
300

acoustic peak {
scale * B

_3ooi‘||1“. H*

ADIT
o

|
}Y:::::::{:::
I II.+

| T SN SN N TR (N TR SR |

Beyond ACDM:

Degeneracies
possible!

i -60
TR (NN SRR NN NN TN N TR SN SN S |

jll
ul 1 i 1
30

600 F
2 10 500 1000

4

1500 2000 2500



Neutrino masses and the
CMB angular power spectrum
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Changing neutrino mass affects z,, and da(Z,e.)

Can shift CMB peaks back in place by tweaking w_and H,
(geometric degeneracy of the CMB)

Remaining effects (early ISW, late ISW, lensing) rather
subtle for sub-eV masses



Planck constraints on the sum of
neutrino masses

Planck TT+lowP B Planck TT,TE,EE+lowP B Planck TT,TE,EE+lowP+BAO
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No sign of non-zero neutrino masses...



Effective number of neutrinos and the
CMB angular power spectrum
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Also subject to geometric degeneracy

In addition, changes damping scale, anisotropic stress (partially
degenerate with spectral index/amplitude of primordial spectrum)

Planck measurement of damping tail greatly improved sensitivity



Planck constraints on the effective
number of relativistic species

Planck TT+lowP B Planck TT,TE,EE+4lowP B Planck TT,TE,EE+lowP+BAO
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Parameter TT TT+lensing TT+lensing+ext TT,TE,EE TT,TE,EE+lensing TT,TE, EE+lensing+ext
+0.64 +0.62 +0.41 +0.41 +0.38 +0.33
L 3.13% ¢, 31374 3.15% % 2.99" % 2.947 % 3.04%33

Data confirm standard model expectation
(CvB only, no more hints of additional light particles)
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Planck results vs. BBN

o i B N N I N ! ! | ! ! ! |
- B Planck TT+lowP ]
~ - B Planck TT+lowP+BAO ]
o | ™ Planck TT,TE,EE+lowP i Deuterium abundance from
; : damped Ly-a system
w —/
< :
v [Aver et al. (2013) 4 “He abundance from
] L -
— ] H ll-regions
AN -
2\ 1
’ e et .
= CQO\‘ i
o [ 2 2 2 1 N R . ] . A . 1 . .
0.018 0.020 0.022 0.024 0.026

Wh

Excellent match with BBN expectation + astrophysical element
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Planck constraints on
eV-mass sterile neutrinos
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Discrepancies with other observations
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Discrepancies with other observations

underestimated uncertainties/systematics

or
sign of new physics beyond base ACDM
P



* Extra radiation increases inferred H,

Sterile neutrinos after all?

* Neutrino mass suppresses inferred o,
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Sterile neutrinos after all?

No trace in CMB data alone

SN, BAO and galaxy clustering data do not
support this scenario either
(cf. BOSS DR12)

Evidence entirely driven by H,and cluster data

Neutrino mass and N4 both lead to larger w,,,
decreasing quality of fit to CMB, BAO

Not entirely convincing...



Conclusions

* The Universe continues to be boring: no evidence for

anything unexpected in the cosmological neutrino
sector

* Final Planck data release soon (includes large scale HFI
polarisation data)

e Future data (CMB lensing, LSS surveys) in combination
with Planck will greatly increase sensitivity to neutrino
parameters



